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the	global	 scale.	The	Asian	 long‐horned	beetle	 (ALB)	Anoplophora glabripennis	 is	 a	
xylophagous	pest	native	to	Asia	and	invasive	in	North	America	and	Europe.	It	is	re‐
sponsible	 for	 severe	 losses	 of	 urban	 trees,	 in	 both	 its	 native	 and	 invaded	 ranges.	
Based	on	historical	and	genetic	data,	several	hypotheses	have	been	formulated	con‐
cerning	 its	 invasion	history,	 including	the	possibility	of	multiple	 introductions	from	




gether	 with	 traditional	 population	 genetics	 approaches.	 The	 strong	 population	
differentiation	observed	in	the	native	area	was	not	geographically	structured,	sug‐
gesting	complex	migration	events	that	were	probably	human‐mediated.	Both	native	
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is	 substantial	 for	 insects	 (Roques	et	al.,	2016),	which	benefit	 from	
the	 intensification	 of	 international	 trade	 to	 settle	 out	 of	 their	 na‐
tive	range.	Harmful	consequences	of	such	introductions	are	diverse	









Biological	 invasions	 can	differ	 in	 the	 number	 of	 introduction	
events	involved	and	in	the	spread	pathway	of	the	introduced	spe‐
cies.	The	specificity	of	invasion	scenarios	strongly	influences	the	
genetic	 structure	of	 invasive	populations	and	 their	 invasion	 suc‐
cess	(Garnas	et	al.,	2016).	Newly	founded	populations	often	suffer	
from	a	drastic	decrease	 in	genetic	diversity	due	 to	 the	 introduc‐
tion	 of	 a	 limited	 number	 of	 genotypes	 from	 the	 source	 popula‐
tion	(founder	effect;	e.g.,	Auger‐Rozenberg	et	al.,	2012).	However,	
multiple	 introductions	 seem	 to	 be	 rather	 common	 (Dlugosch	 &	





velutina,	 Arca	 et	 al.,	 2015;	 Monceau,	 Bonnard,	 &	 Thiéry,	 2014).	






Approximate	 Bayesian	 computation	 (ABC)	 is	 a	 method	 for	
forming	 model‐based	 inferences	 for	 complex	 scenarios	 on	 the	
basis	 of	 simulations	 and	 summary	 statistics	 (Beaumont,	 Zhang,	
&	 Balding,	 2002;	 Bertorelle,	 Benazzo,	 &	 Mona,	 2010;	 Csilléry,	
Blum,	Gaggiotti,	 &	 Francois,	 2010).	 This	method	makes	 it	 possi‐
ble	to	take	into	account	complex	demographic	processes	such	as	
changes	 in	 effective	 population	 size,	 admixture	 events	 and	 the	












(2016).	 This	 application	 of	 a	 “random	 forest”	 process	 in	 an	ABC	







In	 the	 present	 study,	 we	 aimed	 to	 describe	 the	 major	 events	
of	 the	 worldwide	 invasion	 history	 of	 Anoplophora glabripennis 








successively	 observed	 in	 nine	 other	 European	 countries,	 namely	
France	 (2003),	 Germany	 (2004),	 Italy	 (2007),	 Belgium	 (2008),	 the	
Netherlands	(2010),	Switzerland	(2011),	the	United	Kingdom	(2012),	
Finland	 (2015)	and	Montenegro	 (2015),	and	new	 interceptions	are	
frequently	 reported	 (EPPO	Global	Database,	2016).	ALB	 introduc‐
tions	were	favoured	by	the	increase	in	global	trade,	and	larvae	may	
have	been	 transported	 from	 their	native	 range,	hidden	 in	wooden	












its	maximum	 potential	 impact	 is	 estimated	 at	 $669	 billion,	with	 a	
loss	of	almost	35%	of	the	canopy	and	of	30%	tree	mortality	(Nowak,	
Pasek,	Sequeira,	Crane,	&	Mastro,	2001).	Between	1998	and	2006,	




2009)	 and	 invaded	 range	 (Carter,	 Smith,	 &	 Harrison,	 2010;	 Javal,	
Roques	 et	 al.,	 2017).	 Their	 findings	 highlighted	 a	 complex	 genetic	
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structure	in	the	native	zone	that	is	dominated	by	a	few	major	genetic	
clusters.	 In	 the	 invaded	area,	 specimens	belonging	 to	 these	genetic	









ics	 analysis	 and	ABC‐RF,	we	 investigated:	 (a)	whether	 introductions	
from	 the	 native	 area	 were	 recurrent,	 and	 (b)	 whether	 the	 invasion	
in	Europe	could	have	originated	from	the	first	invaded	range,	that	is	
North	America,	by	focusing	on	specific	sampled	populations.
2  | MATERIAL S AND METHODS
2.1 | Sampling and DNA extraction
A	total	of	633	ALB	specimens	(i.e.,	beetles,	larvae	and	eggs)	were	
sampled	 in	 the	 field	 between	 1999	 and	 2016	 in	 43	 locations	
worldwide,	 including	19	 localities	 in	Europe,	7	 in	North	America	
and	17	in	the	native	area	(China	and	Korea;	Table	1	and	Figure	1).	
According	 to	 Meirmans	 (2015),	 particular	 attention	 was	 given	





the	 vicinity	 (Sawyer,	 2009).	 Therefore,	 the	 number	 of	 sampled	
trees	was	maximized	 in	 order	 to	 avoid	 collecting	 closely	 related	
individuals	from	a	single	family.







All	 specimens	were	 collected	 alive	 and	 preserved	 in	 absolute	
ethanol	 at	 −24°C	 until	 DNA	 extraction.	 Genomic	 DNA	 was	 ex‐
tracted	 from	a	 leg	 fragment	 for	 adults	 and	 from	a	 small	 abdomi‐
nal	fragment	for	immature	stages.	DNA	extraction	was	performed	
using	a	Nucleospin	kit	(Macherey‐Nagel,	Düren,	Germany)	accord‐
ing	 to	 the	manufacturer	 instructions,	with	 a	 final	 elution	 volume	
of	100	µl.
2.2 | Microsatellite genotyping
All	 samples	were	 genotyped	 at	 the	 15	microsatellite	 loci	 devel‐
oped	 for	 ALB	 by	 Carter,	 Casa,	 Zeid,	 Mitchell,	 and	 Kresovich	
(2008).	Amplifications	were	organized	into	six	multiplex	reactions	
as	 follows:	 1.	 ALB38/ALB77,	 2.	 ALB10/ALB53/ALB59,	 3.	 ALB9/
ALB14,	4.	ALB15/ALB35/ALB44,	5.	ALB40/ALB24	and	6.	ALB43/
ALB19/ALB30.	Multiplexed	 PCR	 was	 performed	 on	 a	 Veriti	 96‐
well	 Fast	 Thermal	 Cycler	 (Applied	 Biosystems).	 Amplifications	




a	 final	 elongation	 step	 at	 72°C	 for	 10	min	 (Carter	 et	 al.,	 2008).	
Amplifications	of	the	four	last	multiplexes	(ALB9/ALB14,	ALB15/




product	was	denatured	 in	a	mix	of	10	μl	 formamide	and	0.24	μL 
600	Liz	marker	before	being	run	on	an	ABI	PRISM	3500	sequencer	
(Life	Technologies).
2.3 | Data cleaning and initial population genetics
Alleles	 were	 scored	 using	 genemapper	 V4.1	 (Applied	 Biosystems).	






(ALB35	 and	ALB40)	 and	13	were	 kept	 for	 the	 analyses.	 Expected	
(HE)	 and	 observed	 heterozygosity	 (H0),	 as	 well	 as	 the	mean	 num‐
ber	 of	 alleles	 per	 locus	 in	 a	 population	 (AN),	were	 computed	with	
genalex	6.501	 (Peakall	&	Smouse,	2012).	The	mean	allelic	 richness	
per	 locus	 in	 each	 population	 (AR)	 and	 the	 private	 allelic	 richness	
were	computed	by	rarefaction	using	hp‐rare	 to	correct	bias	due	to	




tested	using	 a	 Student	 t	 test.	 Linkage	disequilibrium	between	 loci	
for	each	population	was	tested	with	genetix	4.05.2	 (Belkhir,	Borsa,	
Chikhi,	Raufaste,	&	Bonhomme,	2004),	and	a	sequential	Bonferroni	
procedure	was	applied	 to	 the	 results,	 as	 suggested	by	Verhoeven,	
Simonsen,	 and	McIntyre	 (2005).	All	 analyses	using	 freena,	genalex,	
hp‐rare and genepop	were	conducted	on	populations	with	more	than	
10	sampled	individuals	(29	populations	in	total).
2.4 | Population genetic structure and clustering
Pairwise	FST	 values	 (Weir	&	Cockerham,	 1984)	were	 calculated	 in	
freena	with	or	without	the	Excluding	Null	Allele	(ENA)	method.	This	
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The	genetic	structure	of	the	sampled	populations	was	 inferred	
with	 the	 Bayesian	 model‐based	 cluster	 analysis	 implemented	 in	
structure	 2.3.4	 (Pritchard,	 Stephens,	 &	 Donnelly,	 2000)	 on	 the	
global	data	set,	as	well	as	on	each	continental	subset	 (Asia,	North	
America	 and	 Europe).	 The	 admixture	model	with	 correlated	 allele	
frequencies	was	used,	and	the	geographic	origin	of	populations	was	
not	 considered	as	prior.	Each	 run	consisted	of	 a	burn‐in	period	of	
200,000	 iterations,	 followed	 by	 1,000,000	 Markov	 Chain	 Monte	
Carlo	(MCMC)	iterations.	Twenty	independent	runs	were	performed	
for	each	K	value,	the	number	of	genetic	clusters,	testing	from	K = 1 






and	 a	 decision	was	made	 considering	 the	 alterations	 of	 individual	

















the	 optimal	 number	 of	 PCs	was	 determined	with	 cross‐validation	
(Jombart,	Devillard,	&	Balloux,	2010).	Thereafter,	ALB	groups	were	
predefined	 according	 to	 the	 continent	 of	 origin	 of	 the	 specimens	
and	 were	 then	 plotted	 along	 the	 first	 two	 discriminant	 functions	
of	the	analysed	PCs.	In	addition,	the	DAPC	was	performed	without	
prior	assignments	to	the	geographic	groups,	so	that	the	number	of	
clusters	 (K)	 that	 best	 describe	 the	 data	was	 chosen	 based	 on	 the	
minimal	 Bayesian	 Information	Criterion	 (BIC).	 Finally,	 an	 unrooted	
Neighbour‐Joining	(NJ)	tree	(Saitou	&	Nei,	1987)	was	built	with	the	
software	 treemaker	 using	 100,000	 bootstrap	 replicates	 and	 the	
Cavalli‐Sforza	and	Edwards	(1967)	chord	distance.
2.5 | ABC‐based inferences about 
colonization history
Approximate	Bayesian	 computation	 (ABC;	 Beaumont	 et	 al.,	 2002)	
analyses	were	used	to	 infer	 the	 invasion	history	of	ALB.	All	popu‐
lations	 used	 in	 ABC	 scenarios	 were	 chosen	 according	 to:	 (a)	 the	







ing	 to	 the	 structure	membership	 probabilities	 and	NJ	 tree	 results	
(Figure	2;	Supporting	information	Figure	S1).





















colony.	 The	 focus	was	 set	 on	European	 invasion	 history,	 and	 four	
populations	were	chosen,	 that	 is	Gien	 (France,	population	19;	 first	
recorded	in	2003),	Marly	(Switzerland,	population	12;	first	recorded	
in	2014),	Divonne‐les‐Bains	(France,	population	9;	first	recorded	in	
2016)	 and	Furiani	 (France,	Corsica,	 population	1;	 first	 recorded	 in	
2015).	These	European	populations	were	chosen	based	on	field	ob‐
servations	 of	 their	 possible	 establishment	 and	 the	 substantial	 du‐
ration	of	their	presence	in	Europe.	They	were	assigned	to	different	
genetic	 clusters	 according	 to	 the	 structure	 analysis	 (Figure	 2)	 and	
were	also	 scattered	 in	 the	NJ	 tree	 (Supporting	 information	Figure	
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The	 first	 analysis	 (Analysis	 1;	 Supporting	 information	 Figure	
S2)	questioned	the	native	origin	of	the	North	American	population	
(population	 21).	 Once	 the	 most	 likely	 scenario	 was	 inferred,	 the	
population	from	the	oldest	sampled	outbreak	in	Europe	(population	
19:	Gien,	France)	was	added	for	the	second	ABC	analysis	 (Analysis	
2;	 Supporting	 information	 Figure	 S2).	 This	 population	 could	 have	
originated	 either	 from	one	of	 the	 three	 native	 populations	 in	Asia	
or	 from	the	 invasive	North	American	population.	Similarly,	popula‐
tion	12	(Marly,	Switzerland;	detected	in	2014)	was	added	in	the	third	
ABC	 analysis	 (Analysis	 3;	 Supporting	 information	 Figure	 S2).	 Even	
though	this	population	was	officially	detected	 in	2014,	 there	 is	 in‐
direct	evidence	that	it	is	actually	the	source	population	for	popula‐
tion	11	(Brünisried,	Switzerland;	detected	in	2011).	Indeed,	the	EPPO	
report	 states	 that	 “trace‐back	 studies	 revealed	 that	 during	winter	
2010/2011	 firewood	 was	 transferred	 from	 Marly	 to	 Brünisried	
where	adult	beetles	were	 subsequently	 captured	 in	 autumn	2011”	







introduced	 at	 the	 latest	 in	 2011.	 The	 two	 most	 recently	 invasive	
European	populations	(population	1	in	Furiani,	France	and	population	
9	in	Divonne‐les‐Bains,	France)	were	added	independently	(Analyses	
4a	 and	 4b;	 Supporting	 information	 Figure	 S2)	 because	 their	 dates	
of	first	detection	were	very	close	together.	As	several	years	may	be	
necessary	 to	detect	 a	new	ALB	population	 (Favaro	et	 al.,	 2013),	 it	
was	indeed	not	possible	to	formally	determine	which	of	these	most	
recent	 invasions	 occurred	 first.	 The	 aim	 of	 the	 final	 ABC	 analysis	
(Analysis	 5)	 was	 therefore	 to	 check	whether	 these	 two	 European	
populations	 (1	 and	 9)	 were	 introduced	 independently.	 Moreover,	
it	 tested	 the	 independence	of	 the	 introductions	of	populations	12	
(Marly,	Switzerland)	and	1	(Corsica,	France)	(Supporting	information	
Figure	S2).	 Indeed,	as	 these	 last	 two	populations	were	assumed	to	
have	been	introduced	four	years	apart,	they	did	not	meet	our	five‐
year	uncertainty	criterion.
Although	 admixture	 in	 the	 recent	 invasion	history	 of	 this	 spe‐
cies	with	a	low	dispersal	ability	can	only	happen	under	very	specific	
conditions	 (human‐mediated	dispersal	or	geographically	close	out‐
breaks),	we	carried	out	an	additional	 set	of	analyses	 that	 included	
the	same	scenarios	and	populations	as	described	above,	as	well	as	
admixture	events	between	all	possible	pairs	of	source	populations.
Summary	 statistics	 used	 in	 each	 ABC	 analysis	 included	 one‐
sample	summary	statistics	(the	mean	number	of	alleles	per	locus,	
the	 mean	 genic	 diversity,	 the	 mean	 size	 variance	 and	 the	 mean	
Garza‐Williamson's	 M;	 Garza	 &	 Williamson,	 2001),	 two‐sample	
summary	 statistics	 (the	 mean	 number	 of	 alleles	 per	 locus,	 the	
mean	genic	diversity,	the	mean	size	variance,	the	pairwise	FST,	the	
classification	 index,	 the	 shared	 allele	 distance	 and	 the	 (dµ)2 dis‐
tance),	 and	 an	 admixture	 summary	 statistic	 (the	maximum	 likeli‐
hood;	Choisy,	Franck,	&	Cornuet,	2004).	A	random	forest	algorithm	
was	used	 to	 compare	 the	 scenarios,	 as	described	by	Pudlo	et	 al.	
(2016).	This	method	enables	efficient	discrimination	among	models	
and	gives	an	estimate	of	posterior	probabilities	of	the	best	model,	
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while	being	computationally	less	intensive	than	polychotomous	lo‐
gistic	 regression	 of	 ABC	 algorithms.	 Briefly,	 it	 creates	 a	 “forest”	
of	bootstrapped	decision	 trees	 to	 classify	 scenarios	on	 the	basis	
of	 the	 summary	 statistics	 of	 the	 simulated	 data	 sets.	 Some	 sim‐
ulations	are	not	used	 to	build	 the	 trees	and	can	 thus	be	used	 to	
cross‐validate	 the	analysis	by	computing	a	 “prior	error	 rate.”	The	
robustness	of	this	method	for	reconstructing	 invasion	routes	has	
been	 demonstrated	 in	 previous	 studies	 (Fraimout	 et	 al.,	 2017;	
Pudlo	et	al.,	2016).
A	 total	 of	 20,000	 microsatellite	 data	 sets	 were	 simulated	 for	









sification	 vote	was	 selected	 as	 the	most	 likely	 scenario.	 The	 pos‐
terior	 probability	 of	 this	 scenario	was	 then	 estimated	 based	 on	 a	
second	 random	 forest	 procedure	 of	 1,000	 trees,	 as	 described	 by	
Pudlo	et	al.	(2016).
Two	final	 steps	were	conducted	 to	evaluate	 the	 robustness	of	
the	ABC	scenario	choice.	First,	 the	prior	error	rate	was	computed	
based	 on	 the	 out‐of‐bag	 simulations.	 Using	 diyabc,	 500,000	 data	











information	 Table	 S2),	 representative	 of	 the	 genetic	 clusters	
(Figure	2;	Supporting	information	Figure	S1),	that	corresponded	to	
the	first	selected	sample	sites	 (the	core	data	set),	as	suggested	by	
Lombaert	et	al.	 (2014).	 In	most	cases,	 it	was	 impossible	 to	choose	
alternative	samples	 for	 the	 invasive	populations.	 In	 the	USA,	each	
population	was	assigned	to	a	specific	cluster	in	the	structure	analysis	

















































































































































































































sive	 populations	 and	 from	 0.021	 to	 0.465	 for	 native	 populations.	
Average FIS	 values	were	higher	 in	 the	native	 area	 than	 in	 the	 two	










nonrandom	 associations	 was	 not	 consistent	 across	 populations.	
Detailed	summary	statistics	for	each	population	are	listed	in	Table	1.










results	 are	given	 in	Supporting	 information	Table	S1).	However,	 the	
cluster	analysis	of	the	DAPC	also	clearly	showed	that	specimens	from	










































subdivision	 in	 the	 global	 population	 of	ALB	was	 already	 apparent	 at	
K	=	3.	However,	analysis	of	alterations	 in	 individual	assignment	prob‐
abilities	with	increasing	K	values	suggested	that	there	were	numerous	













lations.	 In	 the	North	American	sub‐data	set,	 the	maximum	 likelihood	









However,	 considering	 the	 highest	 difference	of	 log‐likelihood	 among	
different	K	(ΔK	peak	at	K	=	9)	and	in	order	not	to	overestimate	the	pres‐
ence	of	nested	clusters,	we	assumed	9	genetic	clusters	were	reasonable	

















of	K.	 In	 Europe,	 the	 same	 analyses	 revealed	 that	 some	 geograph‐
ically	 close	 populations	 were	 interconnected,	 specifically	 the	 two	
Swiss	populations	in	Marly	and	Brünisried	(11	and	12)	and	the	five	
Corsican	populations	(1	to	5).	Notably,	all	but	four	individuals	from	



















population	 (population	 21),	 clearly	 indicated	 that	 the	 species	most	
likely	originated	from	NorthCentral	China	(NC	China	in	Table	3,	pop‐
ulation	 32).	 Analysis	 2	 suggested	 that	 the	 oldest	 sampled	 invasive	




origin;	 this	 finding	was	 strongly	 supported	by	NJ	clustering	 results	



















mation	 Table	 S6).	 In	 the	 cases	 of	 analyses	 4a	 and	 4b,	 admixture	
scenarios	 were	 selected	 but	 posterior	 probabilities	 were	 low	 and	
associated	with	markedly	strong	prior	error	 rates;	 this	 finding	was	
further	confirmed	by	discrepancies	in	the	results	depending	on	the	
data	set	used.	In	these	analyses	4a	and	4b,	it	is	noteworthy	that	the	
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Estimations	 of	 posterior	 distributions	 of	 parameters	 for	 the	
most	 probable	 scenario	 are	 given	 in	 Supporting	 information	Table	
S5.	 The	mean	 time	 for	 all	 three	 native	 populations	 to	merge	with	
their	native	ancestral	population	was	between	145	and	161	gener‐
ations.	 The	 estimated	mean	 effective	 size	was	 comparable	 across	
native	and	invasive	populations	(between	2,235	and	2,813	individ‐




















global	 invasion	 scenario.	 Our	 findings	 suggest	 the	 occurrence	 of	
multiple	introductions	from	the	native	range	coupled	with	a	bridge‐
head	event,	both	contributing	to	the	worldwide	spread	of	ALB.
4.1 | Genetic structure in the native range
In	the	native	range	of	ALB	(mainly	China	and	Korea),	population	ge‐











































































































gradual	 opening	was	most	 likely	 associated	with	 increased	move‐
ment	of	goods	and	people	across	the	country,	which	could	have	fa‐





4.2 | Evidence of a complex worldwide 
invasion scenario
In	North	America,	ALB	was	detected	for	the	first	time	in	1996	in	the	








points	have	been	 reported	 regularly	 (EPPO	Global	Database).	 The	
high	 frequency	of	 these	 reports,	 as	well	 as	 the	distribution	of	mi‐









































ready	been	 suggested	by	 the	distribution	of	haplotypes	 in	 certain	
areas	(Javal,	Roques	et	al.,	2017).	In	Canada,	more	specifically,	clus‐
tering	analyses	based	on	nuclear	markers	support	the	hypothesis	of	
strong	 connections	 between	 the	 different	 outbreaks	 and	 confirm	
the	results	based	on	mitochondrial	markers	showing	that	the	same	
haplotype	 (or	 for	 one	 specimen,	 a	 very	 close	 one)	was	 present	 in	
all	populations	(Javal,	Roques	et	al.,	2017).	Therefore,	the	Canadian	









In	 Switzerland,	 secondary	 dispersal	 has	 been	 documented,	 and	 a	
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trace‐back	 field	 investigation	 suggested	 that	 beetles	 from	 Marly	
(population	 12)	 were	 transported	 to	 Brünisried	 (population	 11)	 in	
infested	firewood	(EPPO	Global	Database;	Meier	et	al.,	2015).	The	





apart),	 and	 the	possibility	of	natural	dispersal	 cannot	be	 ruled	out	
(Javal,	 Roux,	 Roques,	 &	 Sauvard,	 2017;	 Lopez,	 Hoddle,	 Francese,	
Lance,	&	Ray,	2017).	To	conclude,	these	concrete	examples	suggest	








pattern,	 resulting	 in	 a	 complex	 pattern	 at	 a	 local	 scale.	 These	 ad‐
ditional	analyses	would	 require	more	 intensive	sampling	but	could	
provide	detailed	scenarios	for	each	invaded	area.
4.3 | How did the invasion scenario shape ALB's 
genetic structure and invasion success?
Invasion	 history	 can	 strongly	 influence	 the	 success	 of	 long‐term	
establishment	 of	 invasive	 populations	 (Dlugosch	 &	 Parker,	 2008;	
Estoup	et	al.,	2016).	When	introduced	into	a	new	area	outside	their	
native	range,	 invasive	populations	may	experience	a	severe	bottle‐




Multiple	 introductions	 can	 maintain	 or	 even	 increase	 the	 genetic	













revealed	 low	 diversity	 levels.	 Only	 one	 (population	 9,	 Divonne‐les‐
Bains,	France)	out	of	the	19	European	populations	analysed	showed	
a	genetic	pattern	suggesting	an	admixture	of	 individuals	from	differ‐












(Sawyer,	 2009;	 Smith	 et	 al.,	 2001,	 2004)	 and	 in	 its	 invaded	 range	














tolerance	 to	 inbreeding	may	be	partly	 responsible	 for	 the	success	
of	ALB	invasions.	It	can	also	be	hypothesized	that	the	reproductive	
pattern	and	the	resulting	inbreeding	could	have	favoured	the	purg‐
ing	 of	 some	 deleterious	 alleles	 by	 selecting	 individuals	with	 a	 fa‐
vourable	association	of	alleles,	potentially	in	the	native	area	before	













to	another	 in	 terms	of	numbers	of	 individuals	 introduced	but	also	
regarding	the	intensity	and	duration	of	bottlenecks.
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